Recommended N rates for corn (Zea mays L.) typically consider yield, economic, and environmental dimensions, but not optimal protection by Bacillus thuringiensis (Bt) Berliner-based traits against corn rootworm (CRW) (Diabrotica spp.). Th is research explored N rate eff ects on CRW trait performance under CRW pressure. Th e experiment featured a split-plot randomized complete block design with factorial treatment combinations of N rates and hybrids diff ering in CRW traits. Root mass, N uptake, CRW effi cacy, and grain yield data were collected from two locations in 2011. Root mass at growth stage V6 (before CRW injury) increased with N rate and was greater in the Roundup Ready (RR2) hybrid (Monsanto, St. Louis, MO) by 30.6%. Nitrogen uptake was similar between VT Triple (VT3) (Monsanto, St. Louis, MO) and the RR2 hybrids, which exceeded the SmartStax (SSX) (Monsanto, St. Louis, MO: Dow AgroSciences Indianapolis, IN) hybrid by 12.5%. By growth stage V12, CRW injury in the RR2 vs. Bt hybrids reduced N uptake by 42.0%, Beetle emergence was reduced 66 to 91% by Bt hybrids. Yield response to N diff ered between hybrids at only one site: the CRW-injured RR2 hybrid was unable to utilize increasing N rates while the SSX hybrid did not plateau. Recommended N rates (134-185 kg N per ha -1 ) were suffi cient to optimize root mass, N uptake, root protection, and yield under a low stress, modest CRW-pressure environment: however, low N resulted in poor performance of these hybrids, suggesting further exploration of N rate eff ects when N loss or denitrifi cation is present.
N itrogen rate recommendations for corn in the United States have evolved over the past 20 yr to refl ect increased yields, improved genetics for N effi ciency, evolving agronomic practices, and water quality concerns (Ciampitti and Vyn, 2012; Dinnes et al., 2002; Dobermann et al., 2011; Dolan et al., 2006; Setiyono et al., 2010) . Meanwhile, transgenic insect-protective traits that protect corn roots, stalks, leaves, and ears from various insect pests, have ensured greater achievement of genetic yield potential (Moellenbeck et al., 2001) . Th ese insect-protective traits produce insect-active crystalline (Cry) proteins modifi ed from Bt (Moellenbeck et al., 2001) . Nitrogen rate studies designed to examine N use effi ciency and optimal economic yield typically avoid or control insect attack. However, these studies have not explored N rates that optimize Bt expression either above-or belowground, a crucial consideration to avoid/manage Bt resistance, nor examined root protection or optimal yield in the face of insect attack. Th ese questions have increased relevance because of increasing use of non-Bt hybrids to reduce input costs and in understanding performance of seed blends for insect resistance management (IRM).
Corn rootworm (Diabrotica virgifera virgifera LeConte and D. barberi Smith and Lawrence) beetles whose larval stages feed on corn roots, are primary targets of Bt Cry proteins. Th eir feeding injury can cause signifi cant yield and harvesting losses by interfering with nutrient uptake, intensifying plant moisture stress, facilitating secondary attack by pathogens, and increasing lodging susceptibility (Kahler et al., 1985; Spike and Tollefson, 1989) .
To combat CRWs, Bt hybrids containing one or more CRWactive Bt events (an event is the incorporation of the foreign gene into the plant cells), for example, YieldGard VT3 or Genuity SSX, were developed. Th e VT3 trait package expresses three traits with one providing protection against CRWs (EPA, 2010) . In contrast, the SSX trait package expresses eight diff erent traits that provide herbicide tolerance and combat insect herbivory with two protecting against CRW injury (EPA, 2005 (EPA, , 2010 .
Transgenic corn hybrids have increased biomass production, which likely increases demand for nutrients, including
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Core Ideas
• Bacillus thuringiensis rootworm traits and corn rootworm feeding aff ected N uptake and root mass.
• N uptake by DK44-61 SSX at V6 lagged DK46-60 VT3 and DK 44-92 RR2 .
• DK44-92 RR2 had a larger root system at V6 than either DK46-60 VT3 or DK44-61 SSX.
• Rootworm injury limited N uptake, root mass of DK44-92 at V12 compared to Bt hybrids.
• Root mass, trait effi cacy, and root injury interplay with N rate have insect resistance management implications.
N (Bender et al., 2013) . In a study by Ma and Subedi (2005) , non-Bt hybrids accumulated greater N and yielded more grain than near-isoline, lepidopteran-active Bt (Bt-lep) hybrids, while the Bt-lep hybrids took 2 to 3 d longer to attain maturity than the non-Bt hybrids. As with Bt-lep expression, CRWresistant (Bt-CRW) hybrids produce Bt toxin(s) throughout the growing season, but expression levels are highest in young tissue (Nguyen and Jehle, 2009) . Little is known about how applied N fertilizer affects Bt-expression levels and performance, especially under actual field infestations of the target insect. Corn rootworm root feeding could affect N uptake and thereby Cry protein expression. The level of N availability during early growth stages of the corn growth was shown by Bruns and Abel (2003) to have a direct effect on the amount of Bt protein production in the plant. Corn hybrids also vary in their root system response, e.g., re-growth, to CRW attack (Gray and Steffey, 1998) ; N uptake and availability could affect root re-growth. Current recommended N application rates for productive corn-on-corn fields in Minnesota range between 134 and 185 kg N per ha -1 (Kaiser et al., 2016) , but these recommendations do not reflect optimal Bt expression, any additional demands resulting from N utilization for season-long Cry protein production, or response to insect attack through reduced N uptake or compensatory root regrowth Field performance problems (high root injury when there should be little to none) with Bt hybrids expressing Cry3Bb1 (VT3 and VT3 Pro), first appeared in Minnesota and Iowa in 2009 (Gassmann et al., 2011; Ostlie, 2009 ). While Bt resistance and cross-resistance to other traits has been confirmed to Cry3Bb1 for Minnesota CRW populations (Zukoff et al., 2016) , the role of N availability in Bt expression and its potential contribution to these performance problems has not been explored. The 2009 performance problems followed a season of weather-limited N availability: leaching and de-nitrification from heavy spring rainfall; subsequent below-normal temperatures reduced organic, plant residue breakdown and N availability.
This study examined the impact of N rates on the performance and agronomic response of transgenic and corresponding non-transgenic corn hybrids under CRW pressure. Our hypotheses were:
1. Before CRW feeding begins, Bt trait-protected hybrids do not differ from unprotected hybrids in root mass and N uptake.
2. After CRW feeding, Bt-trait protected hybrids have more root mass, greater N uptake, less root injury, less beetle emergence, and higher yields than unprotected hybrids.
3. Nitrogen rates do not need to be adjusted to optimize Bt hybrid performance and yield in hybrids containing single or stacked CRW events under CRW pressure.
MATERIALS AND METHODS
Nitrogen and Bt corn effects on corn production and CRWs were studied in two fields near Rosemount, MN, in 2011. The soil at both locations was a Waukegan silt loam (fine-silty over sandy or sandy-skeletal, mixed, superactive, mesic Typic Hapludoll). Both sites are highly responsive to N fertilization and underlain by a sand-gravel layer that can accentuate drought stress. Field topography is rather flat (0-1% slope) at both sites but Site 2 has a finer texture and under heavy rainfall appears more prone to surface flooding. Fields for this study were selected based on two criteria: continuous corn production without recent use of transgenic CRW-active Bt hybrids and heavy, natural CRW pressure. The restrictions on Bt-CRW use was viewed as critical to ensure that Bt-resistance issues would not confound the study treatments; subsequent bioassays confirmed the Bt Cry protein susceptibility of these western CRW population (Zukoff et al., 2016) .
Each study featured a factorial treatment combination of N rates and Bt traits arranged in a split-plot design. Six N rates (0, 56, 112, 168, 224, 280 kg N ha -1 ) comprised the whole plots while three corn hybrids (DK44-92-RR2, DK46-60-VT3, and DK44-61-SSX, Monsanto Company, St. Louis, MO: Dow AgroSciences Indianapolis, IN) comprised the subplots. Complete listing of transgenic trait packages components can be found at DiFonzo (2016). Each treatment combination was replicated four times and plots contained eight rows (15.2 m length, 76 cm row spacing). A 3.1 m buffer zone was added between each main plot within a block to accommodate N rate transitions during granular urea application with a small-plot fertilizer applicator.
Nitrogen was broadcast before planting in the form of Urea (CH 4 N 2 O) (46-0-0, N-P-K). Rates (0, 56, 112, 168, 224, 280 kg N ha -1 ) were chosen to span the rate range typically used to characterize the N response curve in Minnesota. Other nutrients were applied at recommended rates to all plots (Kaiser et al., 2011) . Potassium sulfate (K 2 SO 4 ) (0-0-41-18, N-P-K-S) was added at a rate of 28 kg S ha -1 to all plots because of S concerns with the long history of continuous corn at both sites. Triple superphosphate [Ca(H 2 PO 4 ) 2 ] (0-20-0) also was applied to all plots at a rate of 30 kg P ha -1 . Sites were disc-chiseled before fertilizer application and the applied fertilizer promptly incorporated into the soil with a field cultivator.
Studies were planted on 9 May (Site 1) and 10 May (Site 2). The hybrids, seeded at a rate of 85,000 seeds ha -1 , differed in their CRW protection by expressing no rootworm resistant proteins (RR2), a single Bt-rootworm-active protein Cry3Bb1 (VT3), or two Bt-rootworm-active proteins Cry3Bb1 + Cry34/35Ab1 (SSX). Complete descriptions of all transgenic traits represented by these trade names can be found at DiFonzo (2016) . While interpreting the results of these studies, please note that the hybrids used are near-isolines. Although the hybrids are derived from the same genetic platform, both the gene insertion(s) in parental inbred(s) and subsequent backcrosses, even if marker-assisted, potentially affect resulting performance. Consequently, differences among hybrids are confounded, and may not solely reflect, Bt trait effects on agronomic performance.
Soil samples were collected prior to fertilizer application from each main plot. Samples consisted of a composite of six cores taken to a depth of 60 cm. Samples were divided into 0-to 15-, 15-to 30-, and 30-to 60-cm segments. Soil samples were dried in a dryer at 30°C and passed through a 2-mm sieve. The 0-to 15-cm fraction was analyzed for nitrate N (Gelderman and Beegle, 1998) , Bray-P1 P (Frank et al., 1998) , ammonium acetate K (Warncke and Brown, 1998) , soil organic matter (loss on ignition) (Wang and Anderson, 2008 ) and soil pH (1:1 soil: water) (Watson and Brown, 1998) . The 15-to 30-and 30-to 60-cm fractions were only analyzed for nitrate N. Characteristics of soils from this study are shown in Table 1 .
Six plants, sampled at growth stages V6 and V12 (Abendroth et al., 2011) , were randomly chosen from each plot (three each from rows three and six, respectively) in a stratified random approach. At each sampling point a five-plant grouping with a typical spacing of approximately 15 cm were examined and the plant with median stem diameter chosen to reduce chance of too large or too small diameter chosen. Corn plants were removed with a round-point shovel at least 20 cm from the base of the corn plant to gather as much fine root tissue as possible. The plants were immediately washed off using a pressurized water sprayer to remove soil, mucilage coating the roots, and other organic debris.
Sampled corn plants were separated into above-and belowground portions by cutting the stem with a razor blade approximately 2.54 cm above the soil line with razors discarded between plants to avoid transfer of Cry proteins. The aboveground biomass and root mass samples, comprising the bulked tissue of six plants per plot, were each placed in paper bags for drying and processing. Corn biomass and root mass samples were left in a dryer at 65°C for 24 to 48 h (to obtain 0 g kg -1 moisture) and then weighed. Root mass samples were discarded at this point while aboveground tissue samples were then ground to pass through a 1-mm sieve for N analysis. Nitrogen concentration was measured using a Variomax CN Combustion Analyzer (Elementars America Inc., Mt. Laurel, NJ).
Adult beetle emergence was used as an indicator of CRW survival in each subplot. Six cut-plant emergence cages (30 by 76 cm), modified from Chaddha et al. (1993) , covering two plants each, were placed in each split plot (three per row in rows two and seven, respectively). Emergence cage locations were chosen based on plant spacing (~15 cm apart) to ensure reproducible absolute sampling units. Beetles were collected from cages every 3 to 4 d from July to until completion of emergence in October.
Corn roots were dug in mid-August (approximately growth stage R3) (well after peak root feeding had occurred) to evaluate root injury from CRW larvae. Shovels were placed a distance of approximately 20 cm away from the plant base and were driven straight down to reduce man-made pruning injury to the root system. Roots were washed with a pressurized water sprayer (Minnesota Wanner, Edina, MN) system to remove as much soil residue as possible. Roots, pruned to 3.8 cm or less, were counted for each plant's root system as a measure of CRW injury. These counts were analyzed using Oleson et al. (2005) 0 to 3 nodal injury rating scale.
Yield data were gathered from the middle two rows of each eight-row plot (15.2 m long). Total weight from both rows, as well as moisture at time of harvest (corrected to 155 g kg -1 ), was used to calculate yield on a kg ha -1 basis.
Data was analyzed with an ANOVA in R (Team, 2011) . Mean comparisons were performed using Fisher's LSD. Correlations were evaluated using Pearson's correlation coefficients. Nitrogen uptake was calculated for this study by using the aboveground biomass weights and percent N from the respective samples. When N rate had a significant response, quadratic models were fit to the data using PROC NLIN in SAS (SAS Institute, 2011) . The model chosen for each response variable was the one at α = 0.05 having the largest coefficient of determination (R 2 ). For significant regressions, R 2 , plateaus (PL: defined as N uptake at critical level) and critical levels (CL: defined as the maximum amount of applied N that elicited a response) were found using PROC NLIN in SAS (SAS Institute, 2011) . No transformations of data were required for the statistical results presented.
RESULTS AND DISCUSSION
Transgenic Bt-RW traits offer improved protection against CRW while reducing the need for pesticides (Vaughn et al., 2005) . Given the feeding injury and resulting reduction in nutrient uptake that CRWs cause (Kahler et al., 1985) , it is useful to consider the perspectives provided by the two wholeplant sampling points in this study: V6 where CRW colonization and feeding is just beginning and has not yet affected corn growth and N uptake, and V12 where CRW feeding has peaked and its effects on corn growth and N uptake should be evident.
Nitrogen uptake among hybrids followed a typical quadratic response with respect to N rate for nearly all hybrids and sites ( Fig. 1) : two exceptions will be discussed later. Even before CRW feeding affected N uptake, differences reflecting N rate and hybrid were evident for Sites 1 and 2 at V6 (Table 2 , Fig. 1a and 1b) . At Site 1 (Fig. 1a) , RR2 and VT3 achieved greater average N uptake than SSX, as reflected by higher plateaus (PL RR = 8.72 kg ha -1 , PL VT3 = 8.10 kg ha -1 , PL SSX = 5.32 kg ha -1 ) at a similar or lower critical level (Fig. 1, Table 3 ). As suggested graphically (Fig. 1a) , an interaction in N uptake between N rate and hybrid on N uptake was significant at Site 1 (Table 2) , with SSX having lower N uptake and a lower CL compared to RR2 and VT3 (Table 3) , even though RR2 had less N uptake at 0 kg ha -1 .
At Site 2 (Fig. 1b) VT3 and RR2 achieved greater N uptake at V6 on average than SSX. The critical level for VT3, however, was lower than those for RR2 and SSX (Table 3) while the N uptake plateaus for VT3 (PL VT3 = 6.09 kg ha -1 ) and RR2 (PL RR = 5.94 kg ha -1 ) were greater than SSX (PL SSX = 5.55 kg ha -1 ), similar to the pattern with critical levels.
At both sites, our null hypothesis was rejected. The RR2 was able to take advantage of the higher N rates in comparison to the transgenic hybrids at V6. Meanwhile SSX plateaued at a similar level of 1.82 kg ha -1 , below RR2. Reduced N uptake by SSX, at growth stage V6, has not been previously reported. In contrast, Marquardt et al. (2013) found no significant Table 1 . Soil test summary for two sites used in nitrogen rate by Bt hybrid performance studies at Rosemount, MN, in 2011. diff erences in Cry3Bb1 (expressed in VT3) expression due to side-dressed N at growth stage V3 in the fi eld. Th is fi nding suggests alternative hypotheses that need further exploration. Either the trait insertion or expression are directly aff ecting or interfering with N uptake, or the increased competitive demands for N in protein syntheses may be limiting N uptake and possibly root growth. While VT3 also expresses transgenic traits, SSX hybrids are investing more N in protective proteins (eight traits) than VT3 (three traits). By V12, N rate and hybrid at both sites ( Fig. 1c and 1d ) continued to aff ect N uptake (Table 2) . At Site 1, the relative relationship of VT3 and SSX observed at V6 persisted through V12. Both VT Triple and SSX exhibited a quadratic response to N rate (Fig. 1c ) but VT3 had greater N uptake than SSX. Th e VT3 achieved a similar N uptake plateau (PL VT3 = 25.90 kg ha -1 ) but it took more N (higher critical level) (Table 3 ) than the SSX hybrid (PL SSX = 23.67 kg ha -1 ). In contrast, RR2 shift ed from a quadratic response to N rate at V6 to a linear response at V12.
In contrast to VT3 and SSX hybrids, the RR2 hybrid was not able to achieve a plateau over the N rates studied. In other words, root feeding compromised N uptake to the point that N uptake was not maximized even at 250 kg ha -1 N. During this interval from V6 to V12, CRW fed on both existing and initiating roots; root mass (viz., delta root mass (DRM)] was notably less in RR2 hybrid than either Bt hybrid (DRM RR = 8.71 g plant -1 vs. DRM VT3 = 10.23 or DRM SSX = 9.67).
At V12 at Site 2, VT3 and RR2 retained quadratic responses for N uptake that were demonstrated at V6 (Fig. 1d, Table 3 ) while SSX exhibited nearly a linear response over the N rate range tested. None of the hybrids at growth stage V12 (Site 2) plateaued in N uptake within the N rates evaluated in this study (Table 3) . SmartStax had the highest overall N uptake while RR2 had the least; VT3 did not diff er from either one.
Site diff erences were evident at both stages V6 and V12, but generally Site 1 had greater N uptake, with less applied N, than Site 2. Both Sites 1 and 2 exhibited similar quadratic responses a. Nitrogen rate (P < 0.0001) and hybrid (P = 0.0005) at growth stage V6 at Site 1. b. Nitrogen rate (P < 0.0001) and hybrid (P = 0.0096) at growth stage V6 at Site 2. c. Nitrogen rate (P < 0.0001) and hybrid (P = 0.050) at growth stage V12 at Site 1. d. Nitrogen rate (P < 0.0001) and hybrid (P = 0.027) at growth stage V12 at Site 2. Abendroth et al. (2011) . ‡ Hybrids, differing in corn rootworm transgenic protection (rootworm-active Bt proteins), are designated as follows: DK44-92 RR2 (none), DK46-60 VT3 (Cry3Bb1), and DK44-61 SSX (Cry34/35Ab1 + Cry3Bb1).
§ Estimates of quadratic parameters in the equation y = A + Bx + Cx 2 . ¶ na indicates linear equation providing best fit so quadratic plateau did not occur.
at V6 (Table 3) with critical levels and plateaus typically higher at Site 2 than in Site 1. As discussed above, the picture was more complicated at V12 with both RR hybrid at Site 1 and the SSX hybrid at Site 2 did not plateau at greater N rates (Fig.  1c, 1d ). These results may be attributed to three factors: higher CRW root injury at Site 1, lower N levels at Site 2 (4.6 kg ha -1 ) vs. Site 1 (19.2 kg ha -1 ) before urea application (Table 1) and heavy rainfall event occurring around V4 that differentially affected Sites 1 and 2. Site 2 experienced temporary ponding that appeared to result in more N loss from the system. Nitrogen uptake, as it relates to CRW hybrids in our study, contradicts the findings by Ma and Subedi (2005) on corn-borer transgenic hybrids and their isolines, where no differences in N uptake were found. This difference in N uptake impacts between European corn borer and CRW traits may reflect not only the nature of the traits but also the feeding impacts of these insects. For example, the greater root damage in the unprotected, RR2 hybrid, resulted in a lower N uptake plateau at higher N rates than it did for protected transgenic hybrids (VT3, SSX). Corn re-grows roots after CRW injury with proper nutrient levels, moisture, and plant density (Spike and Tollefson, 1991) . Corn root re-growth, however, has variable effects depending on hybrid and environment: decreasing yield when moisture is not limiting and stress is prevalent and boosting yield when moisture is lacking (Gray and Steffey, 1998) .
Corn rootworm pressure at both sites was significant, resulting modest beetle emergence numbers from the RR2 plots.
Beetle emergence at Site 1 averaged 331 thousand beetles ha -1 from the RR2 plots across all N rates while at Site 2, emergence was less at 248,000 beetles ha -1 . As expected, the Bt-RW traits impacted CRW emergence (Table 2 ) with VT3 reducing emergence 78% at Site 1 and 66% at Site 2. With its additional Bt protein (2 vs. 1 for VT3), the SSX hybrid achieved greater mortality, averaging a 91% reduction at Site1 and an 84% reduction at Site 2. Surprisingly, applied N rate did not affect the apparent efficacy of either Bt traits against CRW (Table 2) . With the modest CRW pressure, lack of moisture stress, and lack of storms to trigger lodging, there were few signs of rootworm attack when comparing hybrid appearance when roots were dug.
Resulting CRW injury presented a slightly different image than beetle emergence. Root injury in the unprotected RR2 hybrid was modest with Site 1 having slightly more injury (nodal injury rating (NIR) = 1.04) than Site 2 (NIR = 0.86). In these continuous corn fields that are managed to enhance CRW pressure by planting a trap crop of late-silking corn the previous year, this root injury was less than expected. The Bt traits significantly reduced CRW injury with VT3 providing about a 96% reduction from unprotected RR2 levels while SSX provided a 98% reduction at Site 1, while at Site 2, both hybrids provided a 99% reduction in root injury. Root injury generally decreased with increasing N but an N rate × Bt hybrid interaction was detected. Reduction in injury with increasing N rate was most pronounced with the RR2 hybrid and diminished with increasing number of CRW traits. Nodal * Significance level P < 0.05. ** Significance level P < 0.01. *** Significance level P < 0.001. † Growth stage determined by characteristic described in Abendroth et al. (2011) . ‡ Pearson Correlation Coefficients for independent variables across all N rates followed by significance. § ns = nonsignificant P > 0.05.
injury ratings in the RR2 hybrid were reduced 44 and 17% at Sites1 and 2, respectively, when comparing NIR at N rates of 0 and 280 kg ha -1 , vs. 79 and 95% in the VT3 hybrid for Sites 1 and 2, respectively. Diff erences in root injury with N rate were not observed in SSX. Th e diff erence in N rate eff ects between sites may refl ect a heavier rainfall events at Site 2 and its eff ects on N levels and CRW survival. Root injury from CRW feeding was negatively correlated with beetle emergence from RR2 at Site 1 (r = -0.41) but was not correlated with beetle emergence in either the single-trait hybrid (VT3) or the pyramided-trait hybrid (SSX) ( Table 3) . At Site 2, a similar pattern was observed but the correlation coeffi cients for each hybrid (e.g., r = -0.37 for RR2) were lower and not signifi cant. (Table 3) . Diff erences between the two sites can be attributed to heavy rainfall and fl ooding eff ects at Site 2, which aff ected beetle survival and reduced CRW injury. Th e ability of the non-transgenic hybrid (RR) to achieve greater N uptake at V12, despite the positive correlations with root injury, is likely due to CRW feeding only initiating around growth stage V6 (Table 4) . Note how the relationship of correlation coeffi cients among the hybrids inverted between V6 and V12 for both sites.
Root mass (RM) (Fig. 2 ) exhibited large diff erences among hybrids and N rates at V6 for both Sites (Table 2) . At the onset of CRW colonization (V6), RR2 had a larger root mass across all N rates at both sites compared to the VT3 or SSX hybrids (Site 1: RM RR = 2.07 ± 0.15 g plant -1 , RM VT3 = 1.63 ± 0.14 g plant -1 , RM SSX = 1.42 ± 0.11 g plant -1 ; Site 2: RM RR = 2.15 ± 0.19 g plant -1 , RM VT3 = 1.50 ± 0.13 g plant -1 , RM SSX = 1.27 ± 0.09 g plant -1 ). As with N uptake, diff erences were detected among Bt hybrids: VT3 root mass was greater than SSX root mass at all N rates. A signifi cant interaction between N rate and hybrid was also found at Site 1 (Table 2) , indicating hybrid diff erences in N rate relationships. Essentially, the N rate required for root mass to plateau at Site 1 during V6 (CL SSX = 52 kg N ha -1 , CL VT3 = 88 kg N ha -1 , CL RR = 125 kg N ha -1 ) decreased with increasing number of Bt Fig. 2 . Root mass (g plant -1 ) response to N rate (kg ha -1 ) and corn hybrid treatments: DK44-92 RR2(o), DK46-60 VT3(closed diamond), DK 44-61 SSX(inverted closed triangle). Nitrogen by Bt hybrid studies were conducted at two sites in Rosemount, MN, in 2011. a. Nitrogen rate (P < 0.001) and hybrid (P < 0.001) at growth stage V6 at Site 1. b. Nitrogen rate (P < 0.001) and hybrid (P < 0.001) at growth stage V6 at Site 2. c. Nitrogen rate (P < 0.001) and hybrid (P = 0.263) at growth stage V12 at Site 1 d. Nitrogen rate (P < 0.001) and hybrid (P = 0.005) at growth stage V12 at Site 2 transgenic traits. At Site 2, the N rate curves were more similar between SSX and VT3, than to RR2, as expected (Table 3) . Differences became more evident in the plateau values for each hybrid (PL SSX = 2.15 g plant -1 , PL RR = 3.45 g plant -1 , PL VT3 = 1.52 g plant -1 ). Root mass differences between all hybrids remained across all N fertilization rates; additional N did little to lessen the disparities. Root mass at Site 2 was much lower than at Site 1 for the 0 kg N ha -1 rate, which can be attributed to lower N levels present at Site 2 before Urea application (Table 1) .
Nitrogen uptake at V6 was positively correlated with root mass among all three hybrids at Site 2 and for VT3 and RR at Site 1 (Table 5) . At this growth stage, CRWs were beginning to colonize corn roots and initiate feeding but any corn root mass differences detected at this time can be attributed to genetics and environmental impacts, as opposed to their interaction with rootworm feeding. The results found in this study are similar to those found by Bender et al. (2013) , who noted significant differences in corn biomass among transgenic hybrids occurred with a uniformly applied fertilizer. The results at V6 rejected our null hypothesis; differences were evident between RR, VT3, and SSX. RR2 root mass was the highest of the three hybrids at growth stage V6, which parallels the results for N uptake. While RR2 and VT3 had similar N uptake at growth stage V6, VT3 invested less in root mass than RR2. Finally, SSX had the least root mass at V6, which also reflects its N uptake pattern (see discussion above) (Table 4. ). While apparent differences between hybrids were found at V6, the critical levels at each site for each hybrid remain well below recommended N application rates.
By V12, the early advantage in root mass production by RR2 at V6 was erased by subsequent CRW feeding at both sites. Hybrid response differed between sites. At Site 1, response of root mass to N rate was similar for all hybrids, fitting a quadratic curve that plateaued at intermediate N levels (CL All = 195 kg ha -1 ) (Fig. 2,  Table 3 ). Higher N rates were not needed to optimize root biomass. In contrast to Site 1, root mass of hybrids at Site 2 differed in their N response (Fig. 2, Table 3 ). The VT3 and RR2 exhibited parallel response curves and plateaued at higher levels (PL VT3 = 13.86 g plant -1 ; PL RR = 13.12 g plant -1 ) than SSX. SmartStax behaved like VT3 at lower N rates but did not respond to higher N rates, resulting in lower critical levels and plateau than VT3 (Fig. 2, Table 3 ). The SSX hybrid appeared to develop root mass at a slower rate than the RR2 and VT3 hybrids. This root mass was correlated less with N uptake at growth stage V6 (Fig. 2, Table 4 ). Root injury was negatively correlated with root mass at growth stage V12 at Site 1, but not Site 2 (Table 4) , which may reflect greater CRW larval or pupal mortality at Site 2 due to the heavy rainfall events.
Yield impacts of CRW were minimal under the low moisture-stress summer weather of 2011. The lack of August thunderstorms minimized any additional losses via lodging. Silk clipping and leaf feeding also were negligible, so yield response primarily reflected root injury under relatively benign environmental conditions. All three hybrids generally followed Table 5 . Correlation matrix between root injury (pruned to ≤ 3.81 cm), root mass (g plant -1 ), N uptake (kg ha -1 ), and yield (kg ha -1 ) for the three transgenic corn hybrids (DK44- a quadratic yield response to N rate at both sites (Fig. 3 , Table  3 ). At Site 1, a signifi cant interaction between hybrid and N rate infl uenced yield (Fig. 3 , Table 2 ). Th e unprotected, RR2 hybrid with its CRW injury to the root system was unable to take advantage of greater rates of applied N compared to VT3 and SSX. Th e RR2 hybrid plateaued at a lower N rate with less yield (PL RR = 10,330 kg ha -1 ) compared to the VT3 (PL VT3 = 11,080 kg ha -1 ) or SSX (PL SSX = 11,073 kg ha -1 ) hybrids. Yields of all three hybrids followed a similar quadratic trend at Site 2: the hybrids did not diff er from each other and there was no interaction between N rate and Bt hybrids (Table 3) . Yield increased with increasing N fertilization at both sites (Fig. 3) , as expected from previous research. Plateaus generally occurred at N rates (CLs) similar to those currently recommended for corn production in Minnesota (Kaiser et al., 2016) , but some diff erences were detected among hybrids at the two sites. Yield benefi ts with VT3 and SSX found at Site 1 are similar to results reported by Haegele and Below (2013) . Th e observed interaction between N rate and hybrid for yield at this site revealed the importance of CRW management. Corn rootworm feeding and its eff ects on later N uptake and root mass at V12 translated into lower yield in the RR2 hybrid, which was unable to take advantage of higher N rates. In contrast, no yield diff erences were detected among hybrids at Site 2 where lower CRW pressure and suspected loss of N with heavy rainfall events in June and July. Under these conditions, current N rate recommendations seem adequate for Bt-CRW hybrids from a yield perspective.
Th ese results could have implications for IRM strategies developed to decrease likelihood of insect resistance to transgenic Bt-CRW traits. Th e increased root mass and N uptake early season in the RR2 hybrid may be a benefi t in trait-refuge seed blends. A larger root mass in RR2 could enhance early season colonization by CRWs, which could improve its utility, production of susceptible beetles for resistance gene dilution, under low-pressure situations. A potential unfavorable consequence might occur under high-pressure situations. Th e competitive pressure arising aft er higher larval recruitment could drive increased movement of older larvae toward adjacent Bt-CRW corn when the larvae are older and less sensitive to Bt proteins (Zukoff et al., 2012) . Finally, higher N rates resulted in increased root mass that could dilute the intensity of CRW pressure and reduce injury ratings in pure-stand refuge corn. In this study, the modest CRW pressure at our sites, which resulted in signifi cant root damage between growth stages V6 and V12, interfered directly with nutrient uptake at the V12 stage. CONCLUSIONS 1. Before CRW feeding began at V6, hybrids already exhibited diff erences in root mass and N uptake, which rejected the null hypothesis. Both Bt hybrids had less root mass (VT3 > SSX) compared to RR2. Nitrogen uptake was similar between VT3 and RR2 but SSX lagged signifi cantly early in the season.
2. Modest CRW pressure eliminated the early season root mass advantage in unprotected RR2 by V12. Th is feeding changed the N uptake response of RR2 compared to Bt hybrids. Th e Bt hybrids signifi cantly reduced root injury and beetle emergence compared to the non-Bt (RR2) hybrid. However, the yield results were mixed under modest CRW pressure and a benign growing season. Feeding impacts were more evident with higher pressure (Site 1 > Site 2). At Site 1, the injured RR2 hybrid was unable to take advantage of higher N rates, compared to the Bt hybrids while at Site 2, no hybrid diff erences were evident.
3. Applied N generally aff ected most variables examined in this study (root mass, N uptake, root injury, and yield). Quadratic response curves indicated critical levels were achieved for most variables below or near the recommended N rates for Minnesota. Under relatively benign weather and modest CRW pressure, the hypothesis that Bt hybrids need diff erent levels of N fertilization was rejected. However, these data also indicate that low N or poor N management resulting in lower eff ective N rates had signifi cant eff ects on N uptake, root mass, root injury, and yield.
Further work on N rates and their eff ects need to be conducted under a wider range of weather conditions (e.g., drought, Bt-resistant CRWs) to explore and characterize N rate eff ects as it relates to transgenic trait performance and the management of these traits. a. Nitrogen rate (P < 0.001) and hybrid (P < 0.001) at growth stage V6 at Site 1. b. Nitrogen rate (P < 0.001) and hybrid (P < 0.001) at growth stage V6 at Site 2.
